Abstract The aim of this research was to investigate the influence of the composition of the wall material on the encapsulation and stability of microencapsulated redfleshed pitaya seed oil. Hylocereus polyrhizus seed oil was homogenized with various wall material solutions at a core/wall material ratio of 0.33 and was microencapsulated by spray-drying. The microstructure and morphology of pitaya seed oil powder (PSOP) were observed using a scanning electron microscope (SEM). PSOP encapsulated with gum Arabic exhibited a lower degree of microencapsulation efficiency (MEE; 77.61-85.3%) compared to PSOP encapsulated with proteinaceous bases (90.12-98.06%). The study on oil retention revealed that sodium caseinate > whey protein > gum Arabic as effective wall materials for pitaya seed oil encapsulation. The effects of different wall systems on the oxidation stability of PSOP were studied under accelerated storage conditions; the peroxide value (POV) was determined throughout the test interval at several storage times. This study indicates that the use of lactose as wall material is able to increase the oxidation stability of PSOP; however, further research is needed to evaluate its antioxidative retention toward the oxidative stability of PSOP.
Introduction
Hylocereus polyrhizus, known as red pitaya or dragon fruit, is a variety of cactus fruit that has red-skinned fruit with red or purple flesh (Barbeau 1990) . It has been reported that betacyanin and polyphenol contents from the red-fleshed pitaya have antioxidative activity and may assist in the prevention of chronic disease (Wybraniec and Mizrahi 2002; Wu et al. 2006) . In Malaysia, about 927.4 ha (363.2 ha production areas) have been established for pitaya planting with an estimated total production of 2,534.2 tons (Cheah and Zulkarnain 2008) . Recently, a study on chemical composition of pitaya seed oil has been reported by our research group, and it was concluded that pitaya seed oil can serve as a potential source of natural antioxidants such as phenols, tocopherols, and sterols (Lim et al. 2010) . However, it is well known that lipid oxidation is a major problem in food processing (Frankel 1998) and that the storage of fats, oils, and fat-containing food can lead to rancidity (Gordon 1991) . Dried microencapsulated oils are powder-type oil and fat products, used as food ingredients (Keogh and O'Kennedy 1999) , consisting of oil globules dispersed in a continuous matrix of proteins and/or carbohydrates/saccharides. The carbohydrates most commonly used as microencapsulating agents include lactose, maltodextrins, cyclodextrins, sucrose, gums, cellulose, and maltose, whereas the main proteins used are albumin, casein, whey, gelatin, and gluten (Velasco, Dobarganes and Márquez-Ruiz 2003) .
Microencapsulation is a technology that physically packs the sensitive ingredients (liquid droplets or solid particles) in a protective matrix or "wall" material to provide protection to these ingredients or "core" materials from any causes of deterioration (Hogan et al. 2001; Cerdeira et al. 2007 ). The process of oil microencapsulation basically consists of the preparation of an oil-in-water emulsion (containing the matrix components in the aqueous phase), which is then dried, normally using spray-drying or freezedrying techniques. Spray-drying is the most usual method as the processing cost is lower than freeze-drying (DzondoGadet et al. 2005) . A good wall material is able to encapsulate the core material within the spherical structure and act as a protective shield from the oxidation of the core material when subjected to atmospheric oxygen, which enables a prolonged shelf life of the core material (Gharsallaoui et al. 2007) . A few studies have been conducted to evaluate the effect of wall materials on seed oils (Ahn et al. 2008; Cerdeira et al. 2007; Hogan et al. 2001) ; however, there is no report on comparison of microencapsulation properties of wall materials including oxidative stability for pitaya seed oil encapsulation. The objectives of this study were to examine the ability of the matrix combination of protein or gum Arabic with selected saccharides to encapsulate the pitaya seed oil and to investigate the physiochemical properties of the six variable matrices of microencapsulants. The oxidative stability of the core material (pitaya seed oil) was also studied to better understand the protection of these different wall materials to inhabit lipid oxidation.
Materials and Methods

Materials and Chemicals
Fresh and mature H. polyrhizus fruits were obtained from a local fruit supplier in Serdang, Selangor, Malaysia. Pitaya seed oil (PSO) was extracted from red-fleshed pitaya seeds that had been separated from the pulp. The extracted PSO was kept in amber bottles and stored at −20°C until further use. Gum Arabic (food grade) was provided by Colloides Naturels International Co. (Rouen, France). Whey protein (Fonterra, New Zealand), sodium caseinate (China), maltodextrin DE10 (China), lactose (Germany), and soy lecithin (China; used as an emulsifier) were purchased from a local food ingredient supplier. All chemicals used were analytical grade (Merck, Darmstadt, Germany).
Oil Extraction
The pitaya seeds were crushed into small particles using a mortar and pestle. For solvent extraction, 5 g of pitaya seeds was placed into a cellulose paper cone, and oil extraction was performed using light petroleum ether (b.p. 40-60°C) in a Soxhlet extractor for 8 h (AOCS 1993) . The oil was then recovered by evaporating off the solvent using a rotary evaporator (Laborata 4000; Heidolph, Germany), and the residual solvent was removed by flushing with 99.9% nitrogen.
Emulsion Preparation
The core/wall material ratio had a greater effect on the properties of powders such as microencapsulation efficiency (Hogan et al. 2001 ). To exclude the eventual effect on powder properties and identify the encapsulation efficiency properties of the wall materials on spray-dried encapsulated pitaya seed oil powder (PSOP), fixed ratios of core/wall material (0.33) and protein or gum Arabic/saccharides (1:9) were tested. The fixed ratios were selected as an average ratio within the best range of the ratio of wall materials presented by previous studies (Ahn et al. 2008; Hogan et al. 2001; McNamee et al. 1998; Faldt and Bergenstahl 1995) . The wall material mixtures for the emulsion were well dispersed in deionized water at 60°C and were kept overnight at 4±2°C for rehydration. PSO was then added into the mixture and prehomogenized in a shear homogenizer (Silverson L4R, Buckinghamshire, UK) for 5 min at 3,000 rpm. Soy lecithin was added as an additional emulsifier to improve the homogenization process at a ratio of 0.1:1 (w/w) with respect to the protein or gum solid. The resultant emulsions were further homogenized in a highpressure homogenizer (APV, Crawley, UK) at pressure of 500 bars for four cycles.
Spray-Drying of Samples
The emulsions were spray-dried in a Büchi B-290 model minispray dryer (Büchi Labortechnik AG, Switzerland) equipped with a 0.7-mm standard diameter nozzle. The inlet and outlet temperature of drying air were held at 150± 2°C and 77±2°C, respectively. Free flow PSOP was collected and sealed in high-density polyethylene (HDPE) plastic bags. Table 1 shows the matrix of proteins or carbohydrates/saccharides that were used in this study as the wall materials for oil encapsulation.
Moisture Content
The moisture content of microcapsules was determined gravimetrically by a vacuum oven drying method (AOAC 1973) . Approximately 2 g of PSOP was placed in the aluminum dishes and dried for 24-48 h at 50°C in a vacuum oven at 29 in. Hg.
Emulsion Viscosity
The apparent viscosities of the emulsions were measured at 25°C using a rheometer (Rheolab QC, Anton Paar, USA).
Microencapsulation Efficiency
Microencapsulation efficiency (MEE) was calculated according to a previously described method (Pauletti and Amestoy 1999) .
Total oil content of PSOP was determined by Pond's method (Pont 1955) . Ten grams of PSOP was mixed with 20 mL water at 50°C in a 125-mL Erlenmeyer flask with a stopper. After 15 mL of de-emulsification reagent were added, the mixture was shaken vigorously and left to stand in a 70°C water bath for 6 min. The resulting mixture was then centrifuged at 3,000×g for 10 min, and the total oil was collected. For the preparation of the de-emulsification reagent, 10 g of sodium salicylate and 10 g of sodium citrate were dissolved separately in double-distilled water, followed by mixing these solutions together with 18 mL of n-butanol, and the volume was increased to 90 mL with double-distilled water.
The extractable oil was measured according to the previously described methods (Velasco et al. 2006) . Briefly, 200 mL of light petroleum ether (60-80°C) was added to 10 g of the PSOP in an Erlenmeyer flask with a stopper and stirred at 25°C in the dark for 15 min. The organic solution was passed through a Buchner funnel with a Whatman No. 4 filter, collected in a round-bottom flask, and evaporated using a rotary evaporator in a water bath at less than 30°C to minimize the influence of heating on lipid oxidation.
Accelerated Storage Test
Oxidative rancidity is usually the main concern in fats and oil industry. Therefore, both Rancimat test and Schaal oven test, which are the accelerated storage test, are utilized that attempt to determine the oxidative stability of PSOP. The lipid oxidation of the PSOP was tested under accelerated storage conditions by the Schaal oven test (Wanasundara and Shahidi 1998) , conducted at 60°C for 30 days, and the Oil Stability Index by Rancimat, which was run at 110°C. Rancimat is an automated instrument based on the conductimetric measurement method that is used to determine susceptibility against oxidation of edible oils under accelerated condition.
The Schaal oven test provides an index of stability that nearly represents the PSOP under normal use conditions. This test is normally performed in forced-draft oven at 63°C, and the PSOP stability is measured as the number of days before rancidity is detected. Briefly, aliquots (250.0 g) of each PSOP sample were poured separately into Pyrex® glass vessels (500 mL) with a cap in the incubator at 60±1°C. The PSOP samples were taken at intervals for peroxide value (POV) determination. The Pont method was used to extract the encapsulated oil from the PSOP.
POV Determination
Hydroperoxides, the primary oxidation products, were measured and reported as the POV as described in the AOCS (AOCS Official Method 1993). Of extracted oil from PSOP, 5±0.05 g was dissolved into 30 mL of acetic acid-chloroform solution in a 250-mL glass-stoppered Erlenmeyer flask. One milliliter of saturated potassium iodide was added. After incubation for 1 min, 30-mL distilled water was added to liberate the iodine from the chloroform layer and titrated with 0.01 N sodium thiosulfate standard solution. The POV was expressed as milliequivalents (mequiv) of active oxygen per kilogram of oil (meq/kg). Triplicate measurements were performed.
Oil Stability Index by Rancimat
Rancimat is the most widely applied standard method used to determine the oxidative stability index (OSI; ManceboCampos, Salvador and Fregapane 2007). The OSI of the The volatile oxidation products were stripped from the oil and dissolved in cold distilled water, increasing its conductivity. The conductivity increase is related to the oxidative stability of oil product. Induction period (IP) is the time corresponding to reach an inflection point at the oxidation curve (Velasco et al. 2000) .
Scanning Electron Microscopy
A scanning electron microscope was used to examine the morphology and surface appearance of the microcapsules. PSOP samples were attached with a two-sided adhesive tape to specimen stubs and then gold-coated in a sputter coater (BAL-TEC, SCD 005, Witten, Germany). The coated microcapsules were examined in a Philips XL 30 ESEM (FEI Co., Eindhoven, the Netherlands) at 20.0 kV.
Particle Size Analysis
A particle-size analyzer was used to determine the sizes of the PSOP microcapsules; the measurement time was 5 s, and the background time was 10 s. All of the PSOP samples were sieved with a sieve size <100 μm before subjected to particle size determination to avoid the occurrence of particle agglomeration due to the coverage of surface fat. The PSOP particle size was determined by a Scirocco 2000 dry powder system provided with a Mastersizer 2000 using laser diffraction (Malvern Mastersizer 2000, UK).
Statistical Analysis
All numerical data are expressed as the arithmetic average±standard deviation from three replicates. Analyses were carried out using MINITAB 13 (Minitab Inc., Pennsylvania, USA). The significance value for all analyses was defined at p<0.05.
Results and Discussion
Moisture Content
In the present study, Table 2 shows that the moisture content of the PSOP with different wall materials varies from 0.59% to 2.06%. Moisture content of both gum Arabic/lactose (AL) blends and whey protein/maltodextrin DE10 (WM) blends was significantly (p<0.05) higher than other blends. Moisture content is a crucial parameter for oil powder because high moisture content can cause off flavors in the oil by promoting lipid oxidation. According to Bhandari et al. (1992) , there was a proportional relationship between the moisture content of the powder and the viscosity of the emulsion prior to spray-drying. In contrast, gum Arabic/maltodextrin DE10 (AM) blends presented the lowest moisture content, but as the highest emulsion viscosity. On the other hand, Hogan et al. (2001) reported that the types of wall material do not affect the moisture content. Therefore, our results were consistent with the latter statement. However, (1) the differences in drying rate; (2) differential of inlet and outlet air temperature (Anker and Reineccius 1988) ; and (3) the water holding properties of the structure and porosity of the powder particle during drying (Kneifel and Seiler 1993) can be the other considerations for the moisture contents of the powder. Emulsion Viscosity Table 2 shows the viscosity of oil emulsions in this study that ranged from 8.77 to 22.56 mPa s. Whey protein/lactose (WL) emulsion was the less viscous emulsion. While the AM emulsion had the highest viscosity, the viscosity of the WM emulsion was 15.73 mPa s, although both PSOP powder particle sizes were nearly similar (~10.20 μm). The emulsion viscosity should be low enough to prevent air inclusion in the particle (Drusch 2007) . Gharsallaoui et al. (2007) have previously reported that the size of particles increases when both viscosity and surface tension of the initial liquid emulsion are high. However, this study shows that the emulsion viscosity is not a critical point to control the powder particle size for the PSOP. The liquid emulsions with lactose apparently have lower viscosity value than emulsions with maltodextrin DE10. It is probably due to its sufficient solubility and its concentrated solution, which has a low viscosity (Vega and Roos 2006) .
MEE and Powder Particle Size
The dried microencapsulated pitaya seed oil consisting solely of gum Arabic exhibited a significantly low degree (p<0.05) of MEE compared with wall materials containing proteinaceous material. For proteinaceous materials, sodium caseinate (NaCas) blends displayed a higher degree of MEE (96.24-98.06%) than whey protein (WP) blends (90.12-90.58%). On the contrary, the presence of lactose in the wall material showed to not significantly (p>0.05) improve the MEE as compared to maltodextrin DE10. The MEE value of the combination of AL blends was significantly (p<0.05) higher than the AM blend, which yielded a smaller particle size than the AL blend. It may be due to (1) the amorphous nature of lactose as a hydrophilic filler, which limits the diffusion of the solvent through the wall material and leads the high MEE (Young et al. 1993a, b) , and (2) the water uptake availability of AL wall matrix in a humid atmosphere and the blocking of pores (Moreau and Rosenberg 1993) . A higher percentage of MEE indicates a better protection of the core material by the wall material. Table 2 shows the powder particle size D 4,3 (volumeweighed mean or volume mean diameter) of PSOP after spray-drying. Wall material with maltodextrin DE10 exhibited significantly (p<0.05) smaller particle size than wall material with lactose. Most of the PSOP particle size is in the range of 10.14-36.40 μm, except for the AL wall (54.36 μm). Sodium caseinate/DE10 (SM) blends with particle sizes of 16.65 μm demonstrated the highest MEE value, while PSOP encapsulated with WM and AM, which formed smaller particles size than SM blends, had low MEE value. As reported by Ahn et al. (2008) , when the powder particle size of the microcapsules is decreased, the MEE value is increased; thus, the decrease in MEE value of WM and AM blends may have been due to (1) the susceptibility of whey protein to heat denaturation during the spray-drying process (Sliwinski et al. 2003) and (2) thinner layers of wall material between encapsulated oil droplets (Young et al. 1993a) , as a fixed ratio of wall materials was used in this study.
Scanning Electron Microscopy
Through the scanning electron microscopy (SEM) observations (Fig. 1a, c, e) , it was seen that PSOP powder particles encapsulated with maltodextrin DE10 had a smaller size (microcapsule diameter <20 μm) and a smooth surface, but they appeared to be agglomerated; while the surface of the PSOP samples encapsulated with lactose showed a wrinkled and more porous structure, they had a larger size and were more well-distributed. Powder particle size ranges of 23-55 μm were observed (Fig. 1b, d , f) for PSOP encapsulated with lactose. This was evidenced by the large particle size, as detected by the Malvern particle analyzer. No cracks or holes were observed on the surface of any of the PSOP, and there were fewer indentations. PSOP encapsulated with maltodextrin DE10 formed smooth surface that are more impervious to solvent which consequently increase MEE value.
Lipid Oxidation
As shown in Fig. 2 , the POV increased with the time course, where the initial POV values of all of the PSOP samples varied from 10.56 to 11.65 meq/kg. This variation may be due to (1) the heat that was applied to the oil via conduction/convection generated during the high-pressure homogenization and exposed to a high air temperature during spray-drying; and (2) the high pressure and redistribution of radicals in the oil phase caused by droplet disruption by cavitation and agitation due to shearing during homogenization and leading to oxygen inclusion, which catalyzes and accelerates lipid oxidation (Serfert, Drusch and Schwarz 2009) . POV was used to determine the oxidative stability of PSOP with different wall materials.
While the PSOP encapsulated with NaCas increased gradually during the storage time (47.2-50.9 meq/kg), the POV of the PSOP encapsulated with whey protein (WP) increased rapidly after 15 days, from 23.3 meq/kg increased up to 67.3 meq/kg. The POV value of the PSOP encapsulated with gum Arabic ranged from 55.5 to 57.5 meq/kg during the storage time (30 days). PSOP encapsulated with WP had the highest POV value that is mainly due to its protein denaturation from high temperature (60°C; Sliwinski et al. 2003) during the storage test. It was observed that PSOP encapsulated with AL started to crystallize and showed caking after 10 days, but this was not the case for the PSOP encapsulated with proteinaceous materials/lactose. Due to the glass transition curve of gum Arabic (Collares, Finzer and Kieckbusch 2004) , the Tg values at relative humidities of 44% and 75% were estimated to be 29 and <10°C, respectively. At relative humidities of 44% and 75%, gum Arabic is in a rubber state (Fang, Shima and Adachi 2005) . As a result, this may be the reason why PSOP encapsulated with AL started to clump and had a relatively high POV value in day 15. PSOP encapsulated with isolated protein or maltodextrin, which had high Tg, can improve the handling properties of the powder (Jaya and Das 2009) . The glass transition temperature, Tg, of the wall material is dependent on the moisture content of the wall matrix, and the Tg value decreases as the moisture content increases (Nelson and Labuza 1992) . The PSOP encapsulated with lactose exhibited a higher POV value after 25 days and increased rapidly. It can be explained due to the wrinkled and more porous surface of the PSOP samples encapsulated with lactose. In addition, in a humid atmosphere, PSOP encapsulated with lactose able to induce crystallization, which, due to the uptake of water, lowers the Tg of lactose and weakens the encapsulating structure, causing an almost complete release of the encapsulated fat onto the powder surface (Faldt and Bergenstahl 1995) . As a result, more surface oil is exposed to atmospheric oxygen, and the rate of lipid oxidation also increases. Surprisingly, the PSOP encapsulated with lactose had lower POV values than maltodextrin DE10 within 15-25 days. This can be explained by the positive effect of the lactose glass phase, which increases the hydrophilic nature of the wall matrix (Moreau and Rosenberg 1993) by blocking the surface pores and creating a hydrophilic barrier that is able to limit the oxygen permeability toward the core material. It is also supported by Jing et al. (2009) that the produced Maillard reaction product is able to improve the antioxidant activity. Table 2 shows that AL blends had the highest induction period (38 h) among the various wall materials. The induction period (IP) of PSOP encapsulated with lactose was prolonged to ranges of 7-38 h compared to PSOP with DE10 (<6 h). It can be explained by (1) the larger size of the powder particles, resulting in better protection against oxidation (Chang et al. 1988) ; (2) the coverage of a high amount of surface fat that blocks the surface pores, indicating the lower accessibility of air to encapsulated oil; and (3) the produced Maillard product's ability to act as an antioxidant (Jing et al. 2009 ). Rancimat test result indicated that lactose had ability to increase the oxidative stability of PSOP. The Rancimat was used to investigate the oxidative degree of the PSOP. Velasco et al. (2000) concluded that Rancimat test was useful to predict the antioxidant's efficacy under storage. Although Frankel (1993) questions the changes in the mechanisms of lipid oxidation resulting from the use of a high temperature test, some studies have shown high correlations between oxidation stability at room temperature and the stability of variety vegetable oils in Rancimat (Gordon and Mursi 1994; Velasco, Dobarganes and Márquez-Ruiz 2000) . Furthermore, a study on lipid oxidation in dried microencapsulated oil under Rancimat test has been carried out by Velasco et al. (2009) .
Conclusion
In this study, gum Arabic was the least effective wall material for spray-dried pitaya seed oil in terms of MEE, while SM effectively encapsulated pitaya seed oil. Despite gum Arabic is having a lower MEE value, the AL blend was the best encapsulant blend to prevent lipid oxidation in the encapsulated oil and presented a strong oxidative stability in the Rancimat test; however, further research is needed to evaluate its antioxidative retention toward the oxidative stability of PSOP. Based on the results of the oil retention availability, sodium caseinate > whey protein > gum Arabic as effective wall materials for pitaya seed oil encapsulation. For the comparison of both saccharides used in the present study, lactose is significantly better than maltodextrin for retarding oxidation and increases the IP value, based on the oxidation stability study.
